Recently, antiferromagnets have attracted great attention because of their potential ability to serve as spintronic material platforms with features distinct from their ferromagnetic counterparts 6, 7 . As neighbouring spins are aligned antiparallel in antiferromagnets, magnetic dynamics and spin transport are expected to fundamentally differ from those of ferromagnets 8 .
For magnetic dynamics, recent experiments indeed found that field-driven 9 or spin-orbittorque-driven 10, 11 DW dynamics in antiferromagnetically coupled ferrimagnets is fastest at the angular momentum compensation temperature where the magnetic dynamics are antiferromagnetic. For spin transport, however, only theoretical studies [2] [3] [4] [5] have investigated
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STT for antiferromagnetic DWs; no experimental study has been reported yet. The theories suggest that the STT for antiferromagnetic DWs consists of adiabatic and non-adiabatic STTs, the same as for ferromagnetic DWs, and that the non-adiabatic STT acts like a staggered magnetic field; this is in contrast to the fact that the non-adiabatic STT for ferromagnetic DWs acts like a uniform magnetic field. Given that the origin of non-adiabatic STT for ferromagnetic DWs has been a subject of intensive debate [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] over the last decade, the nature of non-adiabatic Equation (4) shows that, at the (i.e. 0), the adiabatic STT does not work for DW motion whereas the non-adiabatic STT acts like an effective magnetic field and thus moves the DW; this is consistent with previous theories for antiferromagnetic DWs [2] [3] [4] [5] . We note that this effective magnetic field is staggered and linearly couples to the Néel order of antiferromagnetic DWs; in contrast, the non-adiabatic STT for ferromagnetic DWs is an effective uniform magnetic field which linearly couples to the local magnetization. Equation (4) also shows that the dependence of ∆ on is different for contributions of the adiabatic (first term) and non-adiabatic (second term) STTs. Assuming that the signs of both and do not change at the (i.e. 0), which will be justified later, the adiabatic contribution is anti-symmetric with respect to 0 whereas the non-adiabatic contribution is symmetric.
This allows us to separate two STT contributions by decomposing ∆ into symmetric and anti-symmetric components.
To verify the above theoretical prediction, we investigate STT effects on currentassisted field-driven DW motion in ferrimagnetic GdFeCo compounds in which Gd and FeCo moments are coupled antiferromagnetically. Figure 1a shows a schematic illustration of our device. A 5-nm SiN/30-nm Gd23.5Fe66.9Co9.6/100-nm SiN film was deposited on an intrinsic Si substrate by magnetron sputtering. The GdFeCo film was then patterned into 5-µm-wide and 500-µm-long microwires with a Hall cross structure using electron beam lithography and Ar ion milling. For current injection, 100-nm Au/5-nm Ti electrodes were stacked on the wire. As the film lacks a non-magnetic heavy metal layer as a spin-current source, the effects of spinorbit torque 10, 11, [26] [27] [28] can be ignored. In this work, we focus on DW motion in the precessing regime, where the DW angle changes continuously (see Supplementary Note 2 for detailed discussion). Following the analysis based on Eqs. (3) and (4), and ∆ can be separated. We then separate the asymmetric ∆ ⁄ as a function of into anti-symmetric (adiabatic STT contribution) and symmetric (non-adiabatic STT contribution) components.
This separation requires justification of the assumption that the signs of both and do not change at . It is known that the spin polarization
by spin transport at the Fermi level. Therefore, is mostly determined by the FeCo sub-lattice because the 4f electron band, responsible for Gd's magnetic moment, lies much lower (about 8 eV) than the Fermi level. This assumption is further justified by an earlier experiment 29 reporting that for Co is four times larger than for Gd at a temperature below 1 K, where the Gd moment is much larger than the Co moment. Given that we use a FeCo-rich ferrimagnet, this characteristic of RE-TM ferrimagnets suggests that determined by integrating the net spin density over the whole Fermi sea is not special for , which is determined by the spin density only near the Fermi level. Therefore, , and hence the spin conversion factor ℏ 2e ⁄ , cannot change signs at . The assumption for can be understood similarly. The non-adiabaticity originates from the spin dissipation processes, which can be caused by several distinct microscopic Hamiltonian terms independent of the net spin density; examples include spin-orbit coupling and interactions with random magnetic impurities 17, 18, 21 . This suggests that the sign of does not change at .
In order to quantitatively compare the experimental results with the theory, we fitted the data in Fig. 2b using Eq. (4), where and were obtained by the measured -curve
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(Supplementary Note 4) 9, 30 . We considered , , and as the fitting parameters, which are assumed to be temperature-independent for simplicity. The assumption of constant is justified by our recent experimental report 31 . Among the fitting values, a nonzero at is reasonable because it originates from the electron spins at the Fermi level, as explained above. On the other hand, we found a surprisingly large | |⁄ of the order of 100, which is orders of magnitude larger than the values reported in most previous studies on ferromagnetic DWs 15, 22, 24 . To be conclusive, however, an independent test is needed for the large | | of antiferromagnetic DWs because is determined by ∆ ⁄ at but, in our experiment, (= 241 K) is very close to the temperature ( = 242 K) where the net ∆ ⁄ is zero. We perform the following analysis as an independent estimation of . From the field-driven current-assisted DW motion experiment,
we can obtain two kinds of DW mobility: the current-induced DW mobility ∆ ⁄ , as shown in Fig. 2b , and the field-induced DW mobility , 0 ⁄
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. Based on Eqs.
(3) and (4), the ratio between them is expressed as
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The first and second terms correspond to the non-adiabatic and adiabatic STT contributions, respectively. At (i.e. 0), the adiabatic STT contribution disappears while the nonadiabatic contribution exists. Figure 4a shows experimentally obtained ⁄ as a function of temperature (black). In order to clearly show the finite ⁄ at , we extract the symmetric (red) and the anti-symmetric (blue) components in ⁄ as shown in Fig. 4a ( Figure 4b shows the symmetric component on a magnified scale). Although the data points are somewhat scattered, using the fact that and should vary smoothly with near without any singularity, as of ferrimagnets is not special for these spin transport parameters, we find that the symmetric component is obviously finite in the vicinity of . We obtain ⁄ ≅ by averaging the data points within 5 K, which yields 3. Therefore, from both the fitting results and the mobility-based fitting-free analysis, the large | |⁄ is quantitatively confirmed. As the DW velocity is proportional to | |⁄ , this result suggests highly efficient control of antiferromagnetic DWs by STTs. The large ratio | |⁄ also has an important physical meaning. For ferromagnetic DWs, there has been longstanding debate about this ratio [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . This debate is related to the underlying spin relaxation processes for and . We speculate that the observed large | |⁄ in our sample originates from the spin mistracking process with the small effective exchange interaction, which has 9 been predicted to yield a large increase in 16, 18 . In RE-TM ferrimagnets, the effective exchange averaged over two sublattices is smaller than that of typical ferromagnetic DWs because of the antiferromagnetic alignment of RE and TM moments. We note that a peculiar feature of spin transport in RE-TM ferrimagnets has been observed recently for spin-orbit torque switching 34 but not for DW motion. Another interesting observation is the negative value of in GdFeCo, which is critically different from most, if not all 35 , known magnets. We speculate that this negative may be related to the electron band structure of GdFeCo, as one theory 21 has predicted that can be negative in systems with both holelike and electronlike carriers.
We investigated the effects of STT on the motion of antiferromagnetic DWs in RE-TM ferrimagnets in the vicinity of . The ferrimagnet's unique net spin density tunability via the temperature control allowed us to distinguish between the adiabatic and non-adiabatic components of STT. Our experimental results confirm the theoretical prediction of STT for antiferromagnetic DWs; the non-adiabatic torque acts like a staggered magnetic field, enabling efficient control of the DW. In addition, we found two unusual properties of STT for the antiferromagnetic DWs in the ferrimagnet. Firstly, the ratio of | |⁄ is very large, which can lead to fast current-induced antiferromagnetic DW motion. Secondly, the sign of is negative, the origin of which demands further theoretical progress. Our work not only shows the promising utility of ferrimagnets for studying the magnetoelectronic properties of antiferromagnetically coupled systems, but also calls for further theoretical and experimental studies on STT for inhomogeneous antiferromagnetic spin textures. 
